Tubular agglomerates of calcium carbonate crystals (the CC-tubes) were formed from 1 M calcium chloride and 1 M sodium carbonate, and the formation mechanism was investigated. A cylindrical jacketed glass vessel was used as a crystallizer. The newly designed crystallizer was composed of two compartments that were divided by a cation-exchange membrane. The crystallizer was vertically placed and the two solutions were separately placed in each compartment. The CC-tubes were formed in vertical against the surface of the cation-exchange membrane in the upper sodium carbonate solution side. The growth of the CC-tubes was observed through a plane window of the top of the crystallizer by a digital microscope in order to study the growth mechanism of the tubes. In the early stage of crystallization, small cubic crystals appeared on the membrane. Although most parts of the membrane surface were covered with crystals, some small spots on the membrane surface were not covered with crystals. The CC-tubes grew from the uncovered parts. We concluded that the uncovered spots are important for the generation of the CC-tubes. A possible mechanism of the growth of the CC-tubes was proposed.
Introduction
There are many examples that inorganic crystals are the structure materials of the organisms. The seashell that is composed of calcium carbonate crystals and proteins is a typical example of such the bio-minerals. The polymorphism, size, shape, and orientation of calcium carbonate crystals are well controlled by shellfishes.
1)-10) The seashell membrane and secretion proteins play an important role for the formation of the shell, although the details have not been made clear yet. One of the important role of the membrane should be a controlled release of calcium or/and carbonate ions.
Recently, the artificial control of crystallization of inorganic materials has been attempted by mimicking bio-mineralization. We have studied the role of membrane on the crystallization of calcium carbonate, 11) where 1 M sodium carbonate and 1 M calcium chloride solutions were separately placed in two compartments of the crystallizer that were divided by a cation-exchange membrane. Calcium ions permeated the membrane and reacted with carbonate ions in the sodium carbonate solution. The calcium carbonate crystals precipitated on the membrane were observed by scanning electron microscope (SEM). A lot of self-assembled tubular agglomerates consisting of small calcium carbonate crystals were observed. The tube was named"CC-tube"(Calcium C arbonate Tube). However, the growth mechanism of the tubes has not been cleared yet.
In the present study, the growth mechanism of the CCtubes on a cation-exchange membrane was investigated. It is important to clarify the mechanism of the growth to control the size and the amount of the tubes. A crystallizer suitable to observe the growth of the CC-tubes was newly developed, and the real-time observation of the growth process was carried out.
Materials and method
Sodium carbonate and calcium chloride used were of a reagent grade. Nafion N-117 membrane (Du pont, USA) was used as a cation-exchange membrane. The membrane is a perfluorosulfonic acid/PTFE copolymer, and the typical thickness is 183 mm. It was rinsed with deionized water before use. Figure 1 shows the schematic diagrams of the crystallizer (A) and the observation equipment (B). The crystallization vessel can be separated into two water-jacketed glass components. Although the lower vessel has a bottom, the upper one is bottomless. The cation-exchange membrane is placed between the upper and the lower vessels and plays a role of the bottom of the upper vessel.
The calcium chloride solution was put into the lower vessel, and the cation-exchange membrane sandwiched with tabular silicon rubber rings was placed on it. The upper vessel was applied on the membrane and fixed by a horseshoe clamp. The sodium carbonate solution was put into the upper vessel, and the cover glass was placed on it. The crystallization was carried out at 40°C. Calcium ions diffuse from the lower solution to the upper solution and react with carbonate ions in the upper room. The calcium carbonate crystals are formed on the upper side of the membrane. Appearance and growth of the CC-tubes on the membrane were directly observed by using a digital microscope (Keyence, VB-7010). The focus of the image was automatically controlled by an auto-stage which was equipped with the camera. The images of the crystals were recorded at a regular time interval. Figure 2 shows the SEM images of the calcium carbonate crystals formed on the cation-exchange membrane at 40°C after 14 days-crystallization. A lot of cylindrical tubular 
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11 ) The outer diameter of the tubes was about 40 mm. The CC-tubes of more than 1 mm in length were observed. Panel c is an another view on the same membrane. Panels b and d in Fig. 2 are the magnified images of the rectangular area in Panels a and c, respectively. Panels b and d show that the tubes are self-assembled structures consisting of numerous small crystals. The size of the small crystals forming the CC-tubes was 5-8 mm, and the diameter of the tubes was about 40 mm. This dimension was almost same as those obtained at 50°C.
11) The shape of each small crystal was cubic. In order to identify polymorph of calcium carbonate crystals, the crystals on the membrane were analyzed with a powder X-ray diffractometer (XRD). The crystals formed on the membrane were found to be calcite.
We have reported the following facts about the growth of the CC-tubes. 11) Careful observation by SEM and an optical microscope revealed that the tubes have caps on the top of them. The caps can be also observed in several tubes presented in Panels a and c of Fig. 2 . The caps were also composed of the small crystals of calcium carbonate. Furthermore, it was suggested that the growing site of the CC-tube is not the top but the bottom of the tube. In the present study on the growth mechanism of the CC-tubes, we focused the growth of the CC-tube at the early stage. Figure 3 shows the optical photographs of the crystals on the membrane. The images of crystals on the membrane were continuously recorded. Panel a shows the image of the cation-exchange membrane. The small crystals began to deposit on the membrane after 0.5 min. The crystals on the membrane seem to be dark particles. These crystals were not the tubes. The number of crystals increased with time as shown in Panels b and c, and the membrane was almost covered with the crystals after 20 min. However, there were some spots where were not covered with crystals as shown in It was important that there were the spots uncovered with crystals on the membrane prior to the appearance of the CC-tubes. It has not been clarified why some parts on the membrane were not covered with crystals. As a possible reason, it may be caused by defect of the membrane, where calcium ions cannot pass to an opposite side of the membrane. In the vicinity of such places, calcium ions should be insufficient to crystallize. Figure 4 shows the growth of the tube shown in Panel i of Fig. 3 . The tube grew longer with time. As reported in the previous paper, 11) the growing site of the tube is the bottom of tubes. It is reconfirmed by a fact that the bending part of the tube does not grow longer. The length of the elongating part was measured every one minute. Figure 5 shows the change in the length of the tube with time. The growth of the tube proceeded at a constant speed, and terminated after 220 min. The final length of the tube was about 200 mm. In Fig. 2 and Fig. 3 , the tubes longer than 200 mm can be observed. It has not been clarified why the growth of the tube stopped. The supply of the calcium ion might be stopped at the bottom of the tube. The growth rate was 1.50 mm/min. This estimation, however, is not exactly correct, because the tilt of the tube against the membrane is not known. As mentioned above, the sizes of small crystals consisting the tube are 5-8 mm. Therefore, it could be roughly estimated that those primary crystals were generated every 3-5 min or less than those.
We propose a possible model of the CC-tube formation on a cation-exchange membrane as shown in Fig. 6 . This model is based on the observation that there are some spots where calcium ions do not penetrate through the membrane.
(a) Calcium ions penetrate through the membrane, and then react with carbonate ions. However, there are some parts of the membrane where calcium ions cannot pass to an opposite side of the membrane. (b) Most surface of the membrane is covered with crystals except for the parts where calcium ions cannot pass. In the permeable part of the membrane, however, calcium ions may continue to penetrate through the membrane, and diffuse in the space between the membrane and the crystals formed on the membrane, and reach the edge of the uncovered parts. (c) The calcium ions react with carbonate ions at the edge and the semi-spherical cap is formed first. Then, the cap should be lifted up. Therefore, the growing site of the CC-tube is the bottom of the tube.
Conclusions
The growth mechanism of the tubular agglomerates of the calcium carbonate crystals (CC-tubes) on a cation-exchange membrane, Nafion N-117, was investigated by directly observing the crystal growth by a digital microscope. After the crystallization was started, the membrane was covered with small crystals of calcite. However, there were some spots that were not covered with crystals. The CC-tubes appeared from those spots. From these results, a possible growth mechanism was proposed as shown in Fig. 6 .
